Boron carbonitride (BxCyNz) represents an interesting family of materials containing all light elements and two dimensional graphene like hybrid layers. Although rich literature exists on this peculiar material in chemically processed form, there are relatively fewer reports on device application-worthy thin film form. This form also offers a natural platform for basic studies on important aspects such as magnetism and transport, which have attracted attention in the context of ferromagnetism in doped and defect carbon systems. Thus, in this work we have grown thin films of this compound using Pulsed Laser Deposition (PLD) method, and investigated their magnetic and transport properties in their entirety along with the detailed electronic structure using various spectroscopic techniques like X-ray photoelectron spectroscopy (XPS), Valence Band Spectroscopy (VBS) and X-ray absorption near edge spectroscopy (XANES). In depth analysis of the typical role of dopants and defects, especially the prevalent nitrogen defects, is elucidated using Density Functional 2 Theory (DFT) calculations to understand the experimental observations. A dramatic crossover in the transport mechanism of charge carriers is observed in this system with the change in doping level of specific nitrogen defects. A robust and high saturation magnetization is achieved in BCN films which is higher by almost hundred times as compared to that in similarly grown undoped carbon film. An anomalous transition and increase in coercive field is also observed at low temperature. A careful analysis brings out the intriguing role of specific nitrogen defects in defining the peculiar nature and concentration dependence of the physical properties of this system.
I. INTRODUCTION
Possibility of inducing or realizing magnetism and tunable electronic structure in carbon systems has always attracted significant attention of experimentalists and theorists alike for quite some time, because of the uniqueness and diversity of carbon forms available in nature from a highly anisotropically conducting graphite (sp2 bonding) to highly insulating diamond (sp 3 bonding), with a variety of intermediate allotropes spanning all dimensionalities (fullerenes, CNTs, graphene, turbostratic carbon etc.); thanks to the magical display of the admixtures of sp 2 and sp 3 hybridized C-C bonds. Most efforts in this field have been directed towards inducing a magnetic moment in a specific functional carbon form by synthetic incorporation of one or more dopant or defect types in the carbon system, and exploring the possibility of connecting the moments by exchange interactions either via conduction electrons or direct exchange. Dilute dopant concentration induced ferromagnetism in otherwise non-magnetic systems (e.g. diluted magnetic semiconductors) has separately been a are not as neatly stacked as in graphene, as discussed later. An important aspect is that this form can be controlled in the film form by controlling the growth methods and conditions, and hence highly reproducible results can be obtained. Moreover thin film form is akin to technological utilization including novel spintronic device in stand-alone form or via coupling with other materials that can also be grown by vapor phase methods in heterostructure configurations 4 .
Before proceeding to present and discuss our results it is useful to highlight some of the interesting theoretical and experimental reports in the literature which have addressed this problem of (ferro) magnetism as well as transport properties in carbon without and with N and BN doping in different ways, with a view to seek valuable insights for the analyses of our data; although as stated earlier, it is really hard to compare and contrast results very strictly in this field in view of the diversity of forms that have been examined.
The possibility of inducing magnetic moment via defects and vacancies in graphene and graphitic carbon system has been explored theoretically by many researchers. Experimental studies on the magnetism in graphene and graphitic systems has been pursued widely. Sepioni et al 8 and Nair et al 9 have established the presence of induced moments due to the defects and vacancies in graphene showing paramagnetism at low temperatures. The possibility of the presence of both ferro and antiferromagnetic orders in graphene samples has been well explored by Matte et al 10 .The presence of ferromagnetic order at room temperature 11 and its correlation with defects 12 in a graphite system has also been studied experimentally. The transport property of turbostratic graphene, a unique disordered stacking of tiny graphene-like units, is also well investigated 13, 14 .
Hybridization of graphene with h-BN layers, nitrogen or h-BN doped graphene, and the novel 2D material BCN have drawn significant attention of researchers lately in terms of their tunable electronic and magnetic properties. Several theoretical studies have been performed on the hybridization and doping scenario of h-BN and N in graphene or graphite system predicting the possibility of ferromagnetism and band gap tunability [15] [16] [17] [18] [19] [20] [21] [22] . Novelty of the electronic structure and tunability of the band gap in the BCN system is nicely brought out by Kumar et al 23 . Novel bulk synthesis and the unique nature of the physical properties of the interesting BCN compound have been brought out in a series of combined important experimental and theoretical works by C. N. R. Rao and co-workers [24] [25] [26] [27] [28] [29] . In the context of thin films, which is the most important form in the device context, Ci et al. 30 were the first to successfully grow the atomic layers of hybridized h-BN and graphene domains with the chemical vapor deposition (CVD) method. CVD is also widely used for growth of nitrogeneted graphene 31 , BCN 32 and graphene/h-BN heterostructure 33 . Nitrogen ion assisted pulsed laser deposition (PLD) 34 and sequential ablation from h-BN and graphite targets with pulsed laser have also been reported for growing BCN films 35 . The electrical properties and the electronic structure of hybridized atomic graphene h-BN domains have been thoroughly studied by P. M. Ajayan and coworkers. A metal-insulator transition 36 and crossover to 2D
Mott variable range hopping (M-VRH) as reflected by the deviation from Arrhenius activated behavior 37 in the low temperature regime have been reported by Ajayan group. The ferromagnetism triggered by nitrogen doping in graphene at room temperature is also well reported experimentally [38] [39] [40] . Zhao et al 41 reported the ferromagnetic character of carbon doped boron nitride above room temperature. In spite of the several important and interesting reports in the literature on the ferromagnetic nature and transport studies on these compounds the clarity regarding the inherent physics is still in debate, especially due to the diversity of sample forms and attendant issues pertaining to fruitful comparisons between them. The observed anomalous transition in temperature dependent magnetization has also not been clearly explained. In this work we attempt to connect and synchronize details of the electronic and magnetic phenomena in a concrete way in a pulsed laser deposited thin film platform for the BCN type material employing several spectroscopic techniques, transport and magnetization studies as well as first principle calculations.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
BCN films of thickness 500 nm are deposited on r-cut 2 3 single crystal substrates with pulsed laser deposition (PLD) method using a KrF excimer laser (λ= 248 nm) with frequency Room temperature Raman Spectra are recorded on films using an upright confocal LabRAM HR 800 Raman Microscope (HORIBA Jobin Yvon SAS, rue de Lille, France) with 488 nm laser excitation. X-ray photoemission spectroscopy (XPS) measurements were performed using Al-Kα (E = 1486.7eV) lab-source. X-ray absorption near-edge structure (XANES) spectra at C, B and N K-edges were collected in total electron yield (TEY) mode. Room temperature valence band spectrum (VBS) was recorded with photon energy h = 40 eV.
Both XANES and VBS are performed using synchrotron radiation source at RRCAT, Indore at 'integrated photoemission spectroscopy beamline' (BL-02) in INDUS-1 and 'polarized light soft X-ray absorption spectroscopy beamline' (BL-01) in INDUS-2, respectively. Before recording the XPS, VBS and XANES spectra, the sample surface is sputtered using high energy Argon ions inside the chamber where base pressure is maintained at ~1 x 10 -10 mbar in order to expose the uncontaminated surface. Resistivity measurements are performed by conventional four-probe method in the temperature range of 5 K-300 K. Magnetization with respect to temperature and applied magnetic field is measured using commercial 7T-SQUID-VSM (Quantum Design Inc., USA) system. These measurements were performed with applied magnetic field parallel or in-plane to the film surface (IP). Magnetization vs.
temperature was measured following the conventional protocols of zero field cooled warming (ZFC) and field cooled warming (FCW) cycles in the presence of applied magnetic field µ0H = 100 Oe.
The spin-polarized density functional theory (DFT) calculations 42, 43 were performed within 8
The periodic images of the supercell along the direction of vacuum were separated by 12 Å.
The self-interaction error inherent to GGA functional results in spurious electron delocalization and incorrect magnetic solutions for both defects and dopants in graphene. To remedy this, we calculated the electronic and magnetic properties using the strongly constrained and appropriately normed (SCAN) meta-GGA functional 46 .
III. RESULTS AND DISCUSSION

A. X-ray photoelectron spectroscopy (XPS)
Here we present and discuss the results of x-ray photoelectron spectroscopy (XPS) performed on two BCN thin films of different stoichiometries along with a carbon film, all grown by the pulsed laser deposition (PLD) technique, in ammonia atmosphere. The deposition of pure carbon film in ammonia was performed to serve as a reference for the degree of incorporation of nitrogen from the ambient during deposition as well as the specific role of boron on the film growth and stoichiometry. First we discuss the stoichiometry analysis based on the total areas of the fitted components, presented in the TABLE I. 
From the elemental analysis, the N:C ratio in BCN-100 (No BN in the PLD target) is 0.12 which implies that 12 at.% nitrogen gets got incorporated or fixed into the film from the gas phase ammonia during deposition. For BCN-98 (which has 2 at.% BN in the target) the ratio is a bit higher, as expected, due to the nitrogen contributed by the target in addition to that entering from the gas phase. In the BCN-90 case we can see significant incorporation of nitrogen (34 at.% ). This is more than the algebraic addition of 12 at.% entering from the gas phase and 10 at.% contributed by the target. This implies that boron helps in fixing nitrogen into the growing film.
Now we turn to the analysis of chemical states/bonding. In Fig. 1 for the BCN-100 case the C1s spectrum can be deconvoluted into two peaks. The peaks at 284.7eV and 286.3eV
correspond to sp 2 C-C and C-N bonds, respectively. These peaks are very similar to those reported in Carbon Nitride films 47 . The N1s spectrum was fitted to a symmetric Gaussian form with the centre at 399.5eV implying significant contribution of C-N bonds in the sample, as expected. and it perturbs the B-N bond formation. Also, from the peak area it is clear that for the BCN-90 case the B-N bond formation is more favoured than the B-C bond formation, while in the BCN-98 case they are equally favourable. The whole feature is entirely different from the reported B1s spectra of h-BN 48 and hence one can conclude that there is no h-BN domain formation in both the cases.
The C1s spectra can also be deconvoluted into 3 peaks. For the BCN-90 case these peaks are located at 284.6 eV, 285.6 eV and 288.5 eV, which correspond to C-C, C-N, and C-B bonds, respectively. 49 The peak for the C-C bond is close to the peak observed for sp 2 C-C bond in graphite at 284.9 eV. For the BCN-98 sample the peaks are slightly shifted towards lower energy due to the presence of less nitrogen which is highly electronegative. From the peak area analysis it is clear that the main contribution is from the C-C bond due to the presence of large amount of carbon. Next is the contribution from C-N bond and for both the cases small amount of Boron contributes to the C-B bond density, which is less in BCN-90 sample than in BCN-98.
The N1s spectra are also composed of two deconvoluted peaks. For BCN-90 the peaks are at 399.3 eV and 401.1 eV. The peak at lower energy corresponds to the C-N bond and the peak at higher energy corresponds to the B-N bond. In the BCN-98 case the peak positions are almost the same as the chemical shift of 0.1 eV. Due to the presence of significant amounts of carbon and nitrogen in the system the C-N peak is prominent in both the cases and very close to the C-N peak observed in carbon nitride films at 399.8 eV in the form of sp2 coordinated pyridine like nitrogen 47 . As the presence of Boron is more in BCN-90, the B-N peak is also prominent in comparison with the BCN-98 case.
From the peak area analysis of the XPS data, it can be concluded that in both the BCN-90 and 
Since the bonding nature of nitrogen is not fully and clearly understood from the XPS results, we resorted to the x-ray absorption near edge spectroscopy (XANES) measurements which give more detailed information about the local environment, as discussed in the next subsection.
B. X-ray absorption near edge spectroscopy (XANES)
Now we present and discuss the x-ray absorption near edge spectra (XANES) for the K edges of boron, nitrogen and carbon for the three samples of interest ( Fig. 3 and Fig. 4 ). Many theoretical and computational approaches using Dipole Approximation, Quasi Particle Model and Multiple Scattering Theory are able to explain the experimental features successfully to certain extent 50 .Due to physical complexity in the real experimental scenario comparative study or analysis of dissimilarity between the shape, area and intensities of different K edges are strongly employed to study the local bonding environment 51 .
The boron K edge ( Fig. 3 (a) In the nitrogen K edge (Fig. 3 (b) ) the feature at 407 eV is assigned to the * transition which is close to pyridine 51 and triazine. The feature in the range of 409 eV to 420 eV corresponds to * transition 57 .Here also we can observe an enhancement of intensity and shift of maxima to higher energy in BCN-90 due to the pyridinic nitrogen contribution 51 as well as sufficient density of B-N bonds, as confirmed from the carbon K edge and XPS.
C. Valence band spectroscopy (VBS)
In Fig. 5 we present the Valence Band Spectra (VBS) of the three concerned BCN samples.
The features seen are quite different as compared to those reported previously for graphene 58 , carbon nitride 59 , BN 60 and BCN films 61 . Here we can distinguish four different regions in the spectra. Region 1 between 1eV and 5eV represents the 2p π states, while region 2 between 5eV and 13eV represents the s-p hybridized states among carbon, boron and nitrogen. Region 3 from 13eV to 22eV denotes the mixed 2p σ and π states. Finally, the intense peak from 25eV to 32eV, region 4, emanates from the 2s σ states of the elements. Comparing the VBS data of the three samples of interest, we can observe a significant enhancement of region 2 corresponding to s-p hybridized states in the case of BCN-90 films as compared to the other two samples which is in conformity with the XANES data. In the BCN-98 case, the peak in region 2 is a bit sharper and shifted to lower energy and this could be due to the enhancement of the hybridization of triazinic nitrogen.The peak in the region 4 corresponding to the 2s σ states becomes sharper and shifted to higher energy with lowering boron as well as nitrogen concentration. As sp2 hybridization lowers the bonding energy in comparison to pure s-state, the feature suggests better growth of hybridized framework with increasing boron and nitrogen concentration. The broadening of the peak could be explained in terms of the mixing of sp 2 to pure s-states. In the BCN-100 case (no boron) the small feature at 34 eV which gradually becomes broadened and shifted to lower energy for BCN-98 and BCN-90 is not clearly understood. We used Raman spectroscopy in an attempt to elucidate these hybridization features and disorders in the material with greater clarity, as discussed in next sub-section.
D. Raman Spectroscopy
In Fig. 6 The disorder in turbostratic graphite like system can be mathematically related with D to G band intensity ratio through following equation. 
Here c(γ) is a constant for particular excitation energy and is the average distance among defect sites or the crystalline patches separated by grain boundaries. Taking c(γ) = 4. 57 . In our case, as the excitation energy and thickness are the same for all the samples, the disorder and induced strain are the main responsible mechanisms here. From Figure 6 we can observe a sharp and intense splitting in the 2D band for BCN-98, suggesting that optimal 2 at.% doping of boron is inducing more strain in the nitrogeneted framework.
The equality of 2 1 and 2 2 intensity ratio to G band could be due to the strain uniformity induced by pyridinic and triazinic nitrogens in the sp 2 bonded layer.
The overall abundance of pyridine and triazine-like configurations in addition to vacancy defects is clear from the present experimental results that are discussed already. Using the first-principles DFT approach, we therefore investigated the structural, electronic, and magnetic features of these individual defect configurations and their concurrent interactions.
E. First-principle DFT Calculations
The BCN thin films are modeled by doping boron and nitrogen atoms, as well as by introducing vacancy defects in a single layer graphene sheet. We emphasize on the nitrogendoped configurations since the role of boron in modulation of overall electronic and magnetic properties of the films is secondary. Given the multiple pyridinic configurations, we focus on the trimerized pyridine as they are prevalent over mono and dimer type pyridines. 67 Among the vacancy defects, monovacancy configurations are considered due to their abundance and ability to induce a magnetic moment. 68 We examine the structural and electronic properties of monovacancy for a defect concentration of 2 at.%. [ Fig. 7(a) ] The removal of carbon atom leads to Jahn-Teller reconstructed 5-9 ring arrangement of the surrounding lattice where one carbon atom remains under-coordinated 69, 70 . The electron deficient monovacancy gives rise to p-type behavior. An unpaired electron from the sp 2 state of the under-coordinated C atom, as well as the delocalized pz states from neighboring C atoms both contribute to the total magnetic moment of 2 μB using the SCAN meta-GGA exchange-correlation functional, and the corresponding magnetization density is shown in Fig. 7(a) . Such dual origin of vacancy magnetism is in agreement with the earlier experimental reports 68, 71, 72 .
In the case of trimerized pyridine, N atoms replace the three C atoms surrounding the vacancy such that every N atom has two neighboring C atoms. Here We have also considered B doped triazine-like and trimerized pyridine-like configurations.
Both configurations have a magnetic moment of 1 μB, similar to its N doped counterpart.
However, the p-type metallic behavior observed in both B doped cases is in contrast to N doped triazine, which shows n-type behavior. Thus, we argue that in a nitrogen rich environment, the presence of boron may modulate the density of states at the Fermi level and affect the transport as well as long-range magnetic properties of the films.
F. Transport Studies:
Now we discuss the temperature dependent transport properties of the charge carriers in the = 0 exp ( 0 ⁄ )
where is the dc-resistivity, 0 is a constant, and 0 is the characteristic temperature. In the Mott model the value of υ is 1/3 and 1/4 for 2D and 3D systems, respectively; while υ = 1/2 for all the systems in the ES model which possesses the Coulomb gap.
In Fig. 8 we present the transport data for our BCN-90, BCN-98 and BCN-100 samples.
Temperature dependent normalised dc resistivity data for the samples are shown in Fig. 8 (a) for comparison. For the determination of the hopping mechanism in each case, the curves are nonlinearly fitted directly to equation (2) Here we can observe that the value of υ is very close to 1/2 for BCN-90 and it is close to 1/4
for BCN-100. It is clear that for BCN-90 the hopping of carriers is governed by the Mott model over the entire temperature range and the same can be understood from the fact that the characteristic temperature 0 is 1226 K which is far above our measurement range. In the BCN-100 case the ES model fits the data very well over the whole range, as 0 is above room temperature. The most interesting case is the BCN-98 sample (as was also discussed in the spectroscopic analysis) where υ does not match either with 1/2 or 1/4 and it lies between these values. This crossover between Mott and ES Scenarios is very clear from the value of the critical temperature 0 of 94 K that lies within the concerned temperature range of our measurement. For further clarification, the low temperature data up to the crossover temperature was fitted (Fig. 7 (c) inset) to equation (2) and the fitted value of υ was found to be 0.506±0.002 which is closer to 1/2 consistent with the ES model. Below the critical temperature the Coulomb interaction becomes dominant resulting into the applicability of the ES process. 78 .
From the whole picture the crucial role played by boron in the electronic structure is thus very important. By increasing the boron doping concentration in nitrogenated turbostratic carbon framework, the hopping mechanism of charge carriers among the localized states is seen to be changing dramatically with a clear crossover for an optimum 2 at.% doping as in BCN-98. From a continuous and constant density of states ( ) near Fermi level with no boron doping, we can get a transition to a clear Coulomb gap state with increasing boron concentration in the material. The carrier localisation length (ϛ) and the ( ) can be related to the calculated average inter-defect sites distance ( ) from Raman spectroscopy and the prediction from first principle calculations.
G. Magnetic Measurements
Isothermal field dependent magnetization data for all the three BCN samples of interest are presented in Fig. 9 (a) and (b) at 300K and 5K, respectively. Diamagnetic contribution from the substrate was subtracted from the raw data by following the standard procedure of fitting to the large field linear contribution.We can observe from these data that at room temperature (300 K) ferromagnetism is present in all the cases with small coercive field values ( ) and saturation magnetizations ( ), and the two are anti-correlated. At 5K the increases in each case but magnetizing the sample is seen to get harder, as expected for the case of the magnetic system with disorder. Disorder can render spin canting in the system, which resists the saturation of the net magnetization, very similar to a spin glass system 79 . The disorder in the present case is related to the nitrogen dopant incorporation and the specific nature of disorder depends on the defect type and its consequence for vacancy defect creation due to issues of charge balance. It is thus of interest to discuss the nitrogen concentration dependence of the magnetization parameters.
In At 5K the behaviour of is the same as at 300K, albeit with increased saturation magnetization in each case, but interestingly can observe a huge increase in for BCN-98.
This anomalous increase appears to be directly connected to the increase of triazinic sp 2 C-N bond concentration reflected in XANES spectra for this specific case. This ferromagnetic condition of the sample is reminiscent of single domain magnetic clusters, which give very high coercive field value. The low coercive field for the BCN-90 case, wherein the nitrogen defect concentration is substantially higher, reflects the case of a more homogeneous ferromagnetic system.
In Fig. 10 we present the data for temperature dependent magnetization. Fig. 10 Behaviour of FCW susceptibility ( ) and inverse of of the samples are shown in Fig. 10 (d) and (e). As our materials are weakly ferromagnetic at room temperature and are not homogeneous ferromagnets, they do not follow the Curie-Weiss law in our temperature range. To understand the magnetic transition more clearly the derivative of with respect to temperature is plotted in Fig. 10 (f) . For the special case BCN-98, as mentioned earlier we can see the drastic change of the derivative around 130 K resulting in a strong dip in the plot. This is indicative of the clear magnetic transition.
In order to gain some insights into the microscopic mechanism of the induced spin due to the presence of different type of C-N bonds and possible role for boron, we resorted to the density functional theory (DFT) calculations, as addressed below. Specifically, we attempt to elucidate the microscopic mechanism of long-range magnetism by considering interactions among the different defect complexes. Previous reports on magnetically ordered N-doped graphene have attributed the behaviour to an abundance of pyridinic and substitutional N complexes separately 38, 80 .
However, the synergistic effects of interacting defects on the overall magnetism have not been explicitly addressed, which are essential to understand the long-range magnetic ordering. We consider the interaction of trimerized pyridine with other defects since trimerized pyridine is present in significant quantities. A maximum N concentration of 15% is considered in the following discussion.
For two trimerized pyridines in close proximity, the spin polarization is mainly due to pz states and an additional fractional moment is induced on sp 2 states of N atoms, which contributes as a paramagnetic centre. [ Fig. 11(a) Fig. 11(b) ] In addition, we also report magnetic solutions for interacting monovacancy with mono and dimerized pyridine. Lastly, the magnetic interaction between the triazine and pyridine defect complexes generates both ferromagnetic and antiferromagnetic order depending on the sub-lattice site.
[ Fig. 11(c) ] Interestingly, the pdoped pyridine alters the half-metallic behaviour of triazine, however an indirect exchange is still possible due to the presence of pz conduction electrons at the Fermi level.
Thus, we propose the primary mechanism driving the ferromagnetic order is a direct exchange among the nitrogen defect configurations due to the high concentration of N atoms in the turbostratic BCN thin films. The spatial extent of ~2 nm for the unpaired pz states of monovacancy exceeds the experimentally estimated inter-defect distances 3 . However, the sensitivity of pz states towards disorder can limit the role of direct exchange. Further, it is predicted that disorder in pure graphene leads to Anderson insulating behaviour for vacancy defect with higher concentration, and a substantial gap opening could originate in case of N substitution 81, 82 In such a scenario, the scattering of conduction electrons will result in loss of carrier-mediated indirect exchange pathways. However, the formation of bound magnetic polarons in monovacancy and pyridinic defects is another possibility of inducing ferromagnetic order through an indirect exchange that does not depend on conduction electrons 83, 84 . 
